In many brain regions, populations of neurons engage in fast oscillatory synchrony during sensory, cognitive and behavioral tasks [1] [2] [3] [4] [5] [6] . Transient synchrony of action potentials may convey information and dynamically establish neuronal ensembles 7 , but information may also be conveyed by the firing rates of neurons integrated over longer time periods 8, 9 . These possibilities are often discussed as alternatives, although they represent two extremes on a continuum of time scales that may be used to analyze action potential firing in the brain.
activity at any depth but is more likely to reflect GC activity, consistent with results from other species 17, 18, [24] [25] [26] [27] .
Given that odor-evoked input to the OB is spatially patterned [10] [11] [12] [13] , we examined the spatial characteristics of oscillatory activity. We made LFP recordings at up to eight sites in the ventrolateral OB and revealed phase shifts of the oscillation across the OB. Phase shifts increased along the posterior-to-anterior axis, were preserved for different odors (Fig. 2a) and were similar in different animals (n = 6). The LFP oscillation therefore propagates in a wave-like manner 28 .
The organization of oscillatory activity was examined at higher spatial resolution by optical recording of odor-evoked population activity in the OB with the voltage-sensitive dyes di-4-ANEPPS 29 or ANNINE-5 (ref. 30 ; n = 15 fish). Odor-evoked oscillations in the optical signal were prominent. The waveform and power spectrum of the optical signal corresponded to the LFP oscillation recorded simultaneously in the same area (Fig. 2b,c) , indicating that the optical and LFP signals are largely equivalent and may both reflect GC activity. This is expected because voltage-sensitive dyes integrate into cell membranes, and GCs collectively contribute the largest membrane surface area.
Wave propagation of oscillatory population activity was analyzed from the average spatio-temporal structure of the optical signal during one cycle. Peaks of oscillation cycles were determined from the time course of the optical signal averaged spatially over a large region. Around each peak, sequences of 50 frames, acquired at 1-ms intervals, were extracted. These frame sequences were averaged pixelwise, resulting in a series of frames representing the average spatio-temporal structure of the optical signal during one oscillation cycle. Oscillatory activity was widespread, with little discrete spatial structure, and the peak optical signal moved across the OB (Fig. 2d) , consistent with the results from multisite LFP recordings (Fig. 2a) .
For each pixel in an averaged frame series, we determined the oscillation phase, relative to an arbitrary reference, from the time of the signal peak and the duration of the cycle. From the resulting phase maps, the direction and speed of wave propagation were approximated as vectors (Fig. 2e) . Within the same OB, propagation speed and direction were largely odor independent ( Fig. 2f) 31 , indicating that the macroscopic structure of the wave did not contain odor information by itself. Across individuals, the direction and velocity of wave propagation differed somewhat (Fig. 2g) . In most animals, however, the direction of propagation had a strong posterior-to-anterior component ( Fig. 2g; see also Fig. 2a) . The average velocity of propagation was 45 ± 13 mm/s, corresponding to a wavelength of about 2 mm. This is more than twice the extent of the amino acid-sensitive region of the OB. Thus, the relative oscillation phase is an unambiguous function of a spatial coordinate on the OB.
Phase-locked MC spikes are synchronous
The population activity measured by LFP or optical recordings may influence and coordinate MC spiking. We therefore examined whether oscillatory MC activity also propagates across the OB in waves by loose-patch recordings of spikes from pairs of individual MCs. The LFPs in the immediate vicinity of each MC were recorded on the same electrodes (Fig. 3a) . All recording locations were superficial to the reversal point of the LFP oscillation. For the analysis of phase relationships between pairs of oscillatory MC spike trains and the LFP activity on the same electrodes, we required that, in response to at least one odor (i) both MCs phase-locked to the LFP (ii) both MCs responded with excitation and (iii) spike trains overlapped in time. Of 85 pairs recorded, 22 pairs, involving 37 individual MCs (some MCs participated in more than one pair), fulfilled these conditions for one or more odor stimuli.
The cross-correlogram of the LFPs recorded at different sites during the period of the odor response when the oscillation was prominent (0.5-2.4 s after response onset) was itself oscillatory (Fig. 3b,c) . The offset of the central peak from t = 0 indicates that LFPs were phaseshifted, as observed before (Fig. 2a) . During periods of overlapping firing, cross-correlograms of simultaneously recorded MC spike trains were also oscillatory. However, the peak was close to t = 0, indicating that the phase shifts between spike trains were smaller than those between LFPs recorded on the same electrodes (Fig. 3b,c) . Dynamic cross-correlation analysis showed that the phase relationships between LFPs and those between spike trains recorded on the same electrodes were nearly constant throughout the oscillatory part of the odor response (Fig. 3c) .
The results from 22 recorded pairs confirmed these observations and showed that large phase shifts between LFPs were not accompa- nied by similarly large phase shifts between MC spike trains recorded on the same electrodes ( Supplementary Fig. 1 online) . This result implies that the preferred spike phase of MCs relative to the LFP recorded on the same electrode varies (schematic in Fig. 4a ): when phase shifts occur between LFP oscillations but not between spike trains, the mean spike phase of MCs relative to the LFP on the same electrodes must differ by a similar magnitude, but opposite sign. The phase relationship between MC spikes and the LFP was analyzed in more detail to investigate this prediction. As shown above, phase shifts between LFPs and optically recorded oscillations across the OB were odor independent (Fig. 2a,f) . The preferred spike phase of a MC relative to the LFP recorded on the same electrode may therefore also be invariant. To test this, we first constructed histograms of spike phases relative to the LFP oscillation on the same electrode for each of the MCs recorded in pairs during the odor response. All histograms had a distinct peak. When pooled, spikes of all 37 MCs occurred preferentially during the falling phase of the LFP ( Fig. 4b; black bar histogram) . However, the mean spike phase of individual MCs, relative to the LFP from the same electrode, differed significantly, as shown for two MCs (Fig. 4b , dark and light gray traces). Thus, spikes of individual MCs indeed preferred different phases relative to the LFP in their vicinity. The mean spike phases of all individual MCs in paired recordings fell on the falling flank of the corresponding LFP waveform, between 45°and 150°(0°= positive peak of the LFP oscillation on the same electrode; Fig. 4c ). The average standard deviation of these spike phase distributions was 60°.We next asked whether the mean spike phase depends on the odor stimulus. The mean spike phases for two MCs were almost identical for different odors. Odor-related variability of MC spike phase was quantified by measuring the standard deviation of the mean spike phase in response to different odors for MCs responding to more than one tested odor. The average standard deviation of the mean spike phase from the same MC in response to different odors was 8°. This value is small compared to the phase variability of individual spikes within an odor response (average standard deviation of spike phase, 60°; compare gray and black horizontal bars in Fig. 4c ) and corre- sponds to an odor-related variability in the preferred spike time of ∼1 ms. The variation in the average spike phase evoked by different odors was therefore small in absolute time units and compared to the variability of spike phases within responses. Moreover, it was small relative to the differences between mean spike phases across individual MCs (Fig. 4c, vertical ticks) . Hence, the preferred spike phase of a MC depends only minimally on the stimulus but is a property of each individual MC and its position in the OB. The existence of phase shifts between LFPs but not MC spike trains implies that the phase difference between the LFPs varies with the difference in the mean spike phase of the simultaneously recorded MC spike trains (Fig. 4a) . To test this prediction, we plotted the phase difference between LFP oscillations against the difference in the mean spike phase of the MC spike trains recorded on the same electrodes for all recordings. As predicted, these measures were highly correlated with a slope close to -1 ( Fig. 4d ; r = 0.84; P < 10 -6 ). This result was confirmed on a spike-by-spike basis by further analyses (Supplementary Fig. 2 online). Thus, unlike the LFP oscillation, phase-locked MC activity does not propagate as a wave, but is synchronous across the recorded region of the OB.
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Information carried by patterns of phase-locked spikes
So far, we have analyzed the spike phase of individual or pairs of phase-locking MCs. However, odor information is likely to be extracted from patterns of activity across many MCs. Moreover, data from other vertebrates and invertebrates indicate that during an odor response, only a subset of MCs transiently phase-lock to the LFP oscillation 2, 17, 18 . Indeed, in a given time window, the same zebrafish MC can synchronize in response to one odor but not another odor (Fig. 5a) . Hence, the overall output of the OB contains odor-specific subpatterns of synchronized spikes (Fig. 5b ) that might convey distinct information. When the output of the OB is analyzed with low temporal resolution, synchronized spikes are indistinguishable from non-synchronized spikes, whereas at higher temporal resolution, synchronized subpatterns can be detected. Thus the information conveyed by patterns of MC activity may depend on the temporal resolution with which they are decoded.
We examined whether the information conveyed by MC firing patterns depends on the sensitivity of the readout for phase-locked firing. We concentrated on information about two stimulus features: odor category (or class) and identity. A category (or class) of patterns is defined by their overlap, whereas precise identity is defined by differences between patterns. Information about category and identity therefore reside in complementary properties of activity patterns and require opposite operations to be extracted. When temporal relationships on time scales shorter than 100 ms are not taken into account, MC activity patterns evoked by related odors are initially similar but subsequently decorrelate over time and then stabilize 16, 32 . Thus, differences between activity patterns are enhanced while the overlap is reduced. Without considering oscillatory synchrony, the output of the OB therefore becomes informative about precise odor identity, whereas information about odor category seems to vanish.
To test whether the information conveyed by the OB output changes as a function of the temporal resolution of the analysis, we measured the responses of each of 58 MCs to 16 amino acids at an intermediate concentration (10 µM) by loose-patch recording in the ventrolateral OB. The LFP was recorded simultaneously on the same Correlation time is displayed on the y axis, absolute time (axis corresponding to a) is displayed on the x axis, and correlation is normalized and color-coded. Time-shifted cross-correlograms were computed for 200-ms segments; the analysis window was advanced in 100-ms steps. Average over 13 odor applications (food extract). On the right, windows depicted by white rectangles are enlarged.
electrode. As observed previously, spikes occurred more frequently during the falling flank of the LFP on the same electrode ( Fig. 6a ; white sinusoid represents LFP oscillation). The phase preference was less pronounced than in the data from the paired recordings ( Fig. 4b) because here, responses were not selected for tight phase-locking. Thus a substantial fraction of the spikes were not phase-locked in response to the panel of natural amino acids.
The results from paired recordings demonstrated that MC spikes are likely to be synchronized with zero phase lag to spikes from other MCs when the MC phase-locks to the LFP and the spike occurs around the mean spike phase (Fig. 4d and Supplementary   Fig. 2 ). We therefore used the phase locking to the LFP on the same electrode to identify spikes that are likely to be synchronized with others in the data set of 58 MCs stimulated with 16 amino acids. For each spike, phase-locking was determined by three criteria (see Methods). A spike was counted as phase-locked when these criteria were fulfilled, or classified as residual otherwise, yielding two sets of spikes. Spikes classified as phase-locked occurred preferentially on the falling flank of the LFP (Fig. 6a, gray bars) .
Using settings chosen for conservative detection of phase locking (thr LFP = 3; thr LFP = 90°; phase window = ±90°), 16% of all spikes occurring during odor presentation were counted as phaselocked. The instantaneous rate of phaselocked firing of each MC in response to each odor was quantified in successive time bins (width, 50-400 ms; results shown for 200 ms; other bins yielded similar results). Phase-locked firing of the 58 MCs in response to each odor was then represented by a series of matrices, one per time bin, where rows represent MCs and columns represent odors (Fig. 6b, left ). An equivalent set of response matrices was constructed from the residual spikes (Fig. 6b, right) . Consistent with the low percentage of phase-locked spikes, response matrices of phase-locked firing were sparse. The average rate of phase-locked spikes increased gradually during the first few hundred milliseconds after stimulus onset (Fig. 6c) , in parallel with the development of oscillatory synchrony 16 . Figure 6d shows responses of one MC to five stimuli, separated into phase-locked and residual spikes. Different odors evoked responses of comparable total firing rate that differed in the degree of phase-locking ( Fig. 6d ; Met and Glu, for clustering of phase-locked spike patterns increased rapidly, while clustering of residual spike patterns decreased (Fig. 6f) . By 400 ms, clustering of phase-locked spike patterns was significantly tighter than clustering of patterns of residual spikes. The difference in clustering reached a near-maximal value 500-600 ms after response onset and remained high thereafter.
A R T I C L E S
Theoretically, the disappearance of clusters could result simply from increasing response variability, while tighter clustering may be due to decreased variability. We therefore quantified response variability by the coefficient of variation (c.v.) of firing rates evoked by repeated applications of the same odor in the same time bins 32 . The average c.v. of phase-locked firing slightly increased during the first few hundred milliseconds of the odor response, while the c.v. of residual firing decreased (Fig. 6g) . The changes in clustering of phase-locked and residual spike patterns during the odor response can therefore not be explained by changes in response variability. We conclude that as oscillations develop, patterns of synchronized spikes converge over time, thus potentially conveying information about odor category. Patterns of residual spikes, in contrast, diverge and convey information about odor identity, similar to activity patterns containing all spikes regardless of their phase-locking properties 16 . The complementary information conveyed by patterns of phase-locked and residual spikes can be accessed selectively by biologically plausible readout mechanisms (Supplementary Note and Supplementary Fig. 5 online) .
Activity patterns and temporal resolution
These results suggest that the information conveyed by MC activity patterns depends on the temporal resolution with which they are analyzed. We explored the dependence of similarity relationships between MC activity patterns on the stringency of detection of phase-locked example). Patterns of phase-locked spiking are therefore not simply scaled versions of the overall firing patterns (see also Fig. 6b) .
To classify and identify odors, the brain must compare activity patterns to stored odor representations and analyze similarity relationships. We therefore compared the similarity of activity patterns evoked by different odors. Figure 6e shows correlation matrices depicting the pairwise similarities between all activity patterns during different time windows (duration, 200 ms). Patterns of phaselocked and residual spikes were compared separately. Each color-coded pixel represents the correlation coefficient between two activity patterns (columns in Fig. 6b) .
Initially, most correlations between patterns of phase-locked spikes were low (Fig. 6e, 200 ms) , probably because of the low number of phase-locked spikes (Fig. 6b,c) . As oscillatory synchronization developed, however, distinct groups of high correlation coefficients (yellow/red) emerged along the identity diagonal ( Fig. 6e ; 600-1,000 ms). Odors within these groups share chemical features 11 . Thus, activity patterns evoked by structurally related odors become similar to each other, but dissimilar from those evoked by other odors. This relationship between activity patterns supports categorization of odors by chemical features. It is, however, disadvantageous for the discrimination of odors within a category, because individual activity patterns overlap greatly. Patterns of phaselocked spikes therefore convey information about chemical categories of amino acid odors.
Patterns of residual spikes evolved in the opposite manner. Initially, clusters of high correlation coefficients were present along the identity diagonal. Subsequently, high correlation coefficients disappeared, and correlation coefficients converged to intermediate or low values. This is advantageous for fine odor discrimination, because individual patterns become more distinct. Thus, patterns of phase-locked and residual spikes developed in an opposite manner during the first few hundred milliseconds of the odor response: patterns of phase-locked spikes converged over time and conveyed information about odor category, whereas patterns of residual spikes diverged over time and conveyed information about odor identity (see also Supplementary Fig. 3  online) . These results were confirmed by principal component (not shown) and factor analysis 16, 33 ( Supplementary Fig. 4 online) .
To assess the time course of this effect, we quantified the 'clustering' of odor-evoked activity patterns as a function of time using a measure based on factor analysis (see Supplementary Methods online). When groups of patterns are similar to each other but dissimilar from other groups, they form clusters in the abstract space where each dimension represents the firing rate of one MC. This situation results in a high clustering index and is favorable for the categorization of patterns. Decorrelated activity patterns suitable for odor discrimination, on the other hand, do not form clusters in this space and yield a lower clustering index. The clustering index was computed for patterns of phase-locked and residual spikes in successive 200-ms time windows, advanced in 100-ms increments. During the initial few hundred milliseconds of odor presentation, spikes by varying all three parameters of spike selection (thr LFP , thr SD and phase window) over a wide range. The percentage of spikes classified as phase-locked 1 s after response onset, when oscillatory synchronization is pronounced, was ∼12% for the most stringent settings. Parameters were then varied so as to gradually decrease the stringency of spike selection until all spikes were selected. The clustering index of MC firing patterns 1 s after response onset decreased with increasing percentage of spikes selected (Fig. 7a) , from tight clustering (0.75-0.8) to little or no clustering (0.6-0.65). When spikes were selected randomly rather than by their phase-locking behavior, the clustering index was low for all percentages of selected spikes (Fig. 7a, black  dots) . Thus, clustered activity patterns are not the result of decreasing firing rates in general, but rather are selectively carried by phaselocked spikes. Further analysis using the data from paired recordings confirmed that changing the stringency of phase-locked spike detection indeed results in a corresponding change in the precision of synchronization among the selected spikes (Supplementary Fig. 6 ). Figure 7b shows time series of correlation matrices obtained with five sets of spike-selection parameters of decreasing stringency (corresponding data points circled in Fig. 7a ). The series of correlation matrices in row 1 corresponds to that in Fig. 6e (upper row) . Initially, few spikes are phase-locked (Fig. 6c) and most correlation coefficients are low. Subsequently, clusters of high correlation coefficients emerge, indicating that MC activity patterns evoked by related odors converge. For the lowest stringency (no spike selection; row 5), pattern relationships develop in the opposite manner: patterns evoked by related odors are initially similar to each other but become decorrelated over time. Intermediate levels of stringency yield intermediate results: with decreasing stringency, initial clustering of activity patterns becomes more pronounced, while later clustering becomes less prominent. Moreover, at intermediate stringency, individual clusters can behave differently. For example, with the settings of row 3, one cluster was present initially but disappeared over time (Fig. 7b,  cluster 2 ), whereas another cluster emerged over time (Fig. 7b, cluster 1) . The pattern evoked by one amino acid (Asn) was initially associated with cluster 2 and later with cluster 1 (Fig. 7b, arrow) . The information conveyed by MC activity patterns after emergence of oscillatory synchronization therefore depends substantially on the sensitivity of the analysis to phase-locked spiking. Activity patterns become gradually less informative about odor identity and more informative about odor category as the sensitivity for phase-locked firing is increased. Thus, changing the temporal resolution of the analysis can optimize the extraction of complementary stimulus features from MC activity patterns.
DISCUSSION
Simultaneous representation of complementary information
We found that oscillatory population activity, measured by LFP recordings or voltage-sensitive dye imaging, propagated across the OB as an odor-invariant wave. Phase-locked MC spikes, in contrast, were synchronized across the recorded region of the OB with little or no time shift (Fig. 5b) . The wave-like spatio-temporal organization of population activity is therefore not reflected in the spike output from the OB.
In response to a class of natural odor stimuli, only a minor fraction of MC spikes phase-locked to the oscillation. These spike patterns conveyed information about odor category, whereas the residual spikes conveyed information about precise odor identity. Category and identity represent different extremes in the relationships between patterns (overlap and difference, respectively). This complementary nature of category and identity information precludes the existence of single neurons optimized for the simultaneous representation of both features. In activity patterns across multiple neurons, category and identity could be represented by different sets of MCs. Here we observed, however, that information about these complementary stimulus features can be extracted from the same sets of neurons by different decoding rules that rely on the temporal structure of MC activity patterns. The temporal structure in the OB output activity therefore enables the multiplexing of complementary messages across the same dynamic population of neurons. The existence of such distributed and coexisting representations across MCs does not preclude the existence of representations of category and identity by single or small groups of specialized neurons elsewhere in the brain. On the contrary, the nature of the distributed representations we describe here should enable the formation of such specialized responses downstream of the OB.
When the sensitivity of pattern analysis to phase-locked spiking was varied from low to high sensitivity, activity patterns during the oscillatory phase of the odor response became gradually less informative about one stimulus feature (identity) and more informative about the complementary feature (category). Changing the stringency of phase-locked spike selection is similar to varying the sensitivity of the readout of MC firing patterns to coincident firing. Hence, the information conveyed by MC activity patterns depends critically on the temporal resolution of the analysis. The adaptation of integration time windows may therefore be important in determining the specificity of higher-order neurons. As the sensitivity of pattern analysis is varied between two extremes, the information retrieved also gradually varies between two extremes. Seemingly alternative encoding strategies operating on different time scales (often referred to as synchrony and rate coding) are thus not mutually exclusive. Rather, they are part of a continuum and may coexist in the same network to simultaneously represent different stimulus information.
Wave propagation of LFP activity but synchronous output
Oscillatory activity propagated as an odor-independent wave across the ventrolateral OB, as seen by LFP recordings and voltage-sensitive dye imaging. These methods measure changes in the transmembrane currents and voltage, respectively, of populations of neurons. Because equivalent results were obtained with both methods, the observed wave propagation is unlikely to be a methodological artifact. Several observations suggest that the oscillatory population activity predominantly reflects GC activity 17, [24] [25] [26] [27] , but this issue requires further investigation. However, even if other neurons contribute to the oscillatory population signals measured, the conclusion that phase-locked MC spikes are synchronized across the recorded area of the OB remains unaffected.
Wave propagation of fast oscillatory population activity has been observed in other systems as well 34 , including a subregion of the turtle OB 28, 31 . The speed and direction of wave propagation were independent of odor identity, indicating that the macroscopic wave structure carries little or no odor information. Traveling oscillatory population activity can be generated by multiple mechanisms 34 . One model consistent with physiological data 18, 35, 36 would be laterally coupled oscillators, but the mechanism underlying wave propagation of oscillatory population activity is presently unknown.
Phase-locked spiking of MCs was synchronized with near-zero time lag across the recorded region of the OB. However, a given MC phase-locked only to a subset of odor stimuli. The preferred phase was independent of the odor stimulus, consistent with results in invertebrates 18 . The measured phase shifts between population activity at different locations in the OB are therefore not transmitted to higher brain regions. A possible explanation for the absence of phase shifts between MC spike trains is that MCs integrate with their exten-sive dendritic trees over many oscillatory GC inputs, thereby averaging out any phase differences.
The widespread and odor-independent organization of oscillatory population activity indicates that it is not itself informative about the odor stimulus. Rather, odor information associated with the oscillation is contained in the firing rate and phase-locking behavior of each individual MC. Oscillatory population activity observed by LFP or optical recordings may therefore provide a global, reliable clock signal for the synchronization of subsets of MCs. Precisely which MCs synchronize depends on the odor stimulus. In this scenario, odor information is contained in the microscopic (cellular) activity pattern, rather than in the macroscopic organization of oscillatory activity.
Evolution of temporally structured activity patterns
When analyzed separately, phase-locked and residual MC spike patterns were informative about complementary odor features. Distinct firing patterns of phase-locked and residual spikes were established during the first few hundred milliseconds of the odor response when oscillatory synchronization develops and activity across MCs is reorganized 16, 32 . Initially, oscillatory LFP activity was weak and phase-locked spikes were rare. Patterns of residual spikes were clustered and may therefore be informative about odor category. However, these initial patterns were unstable and evolved rapidly. Patterns of residual spikes became decorrelated, whereas subsets of MC spikes phase-locked and established clustered activity patterns. Hence, two processes occur during the early phase of the odor response: patterns of non-phase-locked spikes are reorganized so as to reduce redundancy and enhance discriminability, and spikes of MC subsets phase-lock and permit odor categorization.
MC firing patterns become informative about complementary stimulus features, at the latest, 400 ms after response onset (Fig. 6f) . As shown in mammals, a minimum time seems to be required for precise odor identification, consistent with the possibility that time-dependent neural processing is involved. The minimum time varies from 150 ms for trained olfactory specialists (rabbits, rats) [37] [38] [39] and 0.4-2 s for trained nonspecialists (humans) 40 . Representations of complementary stimulus features in zebrafish are established within this time range, and may thus be exploited by the brain for odor processing. It would now be interesting to study the temporal requirements of odor identification and classification in behavioral experiments in zebrafish.
How is olfactory bulb output interpreted?
Odor identity and category are both important stimulus features that are recognized by olfactory systems 41 . Odor categories were defined here by the similarity relationships between MC activity patterns reflecting chemical similarity of groups of stimuli, that is, clusters in stimulus space. Similar categories of amino acid odors have been established based on similarity relationships between glomerular activity patterns in zebrafish 11 and by behavioral studies in catfish 42 , suggesting that they are relevant to the animal's behavior. In addition, stimulus classes other than amino acids activate areas of the OB that overlap little with the amino acid-sensitive region studied here 22 . Hence, further odor categories may exist, and odor categories may be organized in a hierarchical manner in the early olfactory pathway 22 . In addition, animals can establish categories by associations between largely arbitrary sets of stimuli (e.g., odor and reward) as a result of a learning process. These associative categories may arise at higher levels of processing 43 and require the preprocessing of category and identity information in the early sensory pathways.
MCs project to at least three major areas and multiple additional areas in the telencephalon 44, 45 . It is therefore possible that information about different stimulus properties is extracted separately from OB output activity and further processed in different pathways, akin to the parallel processing of object features in the higher visual cortex of mammals 46 . This could be accomplished if neurons in projection areas of the OB use different readout strategies to extract information from the OB output. At least some of these regions respond to odor stimulation with oscillatory population activity and may contain neurons sensitive to coincident input 44 . Further studies of OB targets are necessary to explore their functions.
Projection neurons in the insect analog of the OB, the antennal lobe, project to two areas: the mushroom body and the lateral protocerebrum. Kenyon cells in the mushroom body are exquisitely sensitive to synchronous input and respond more selectively to different odors and concentrations than do neurons in the antennal lobe [47] [48] [49] , suggesting that a substantial amount of odor information is conveyed by synchronized spikes in insects. Whether Kenyon cells detect odor category has not been tested, however. Moreover, it is not known which information is carried by non-synchronized spikes in the insect olfactory system, and whether neurons in other target regions of the antennal lobe, such as the lateral protocerebrum, integrate projection neuron output over longer time scales than Kenyon cells. The vertebrate and insect olfactory pathways are similar up to the OB-antennal lobe but exhibit significant differences in higher brain areas, possibly related to general differences in brain design. A simple analogy between piriform cortex and insect mushroom bodies may thus not always be appropriate. Further experimental approaches are needed to examine how the spatio-temporal output from the OB is processed in higher brain regions.
METHODS
Animals and stimuli.
Odors were prepared and delivered to adult zebrafish (Danio rerio) as described 16 . Briefly, OBs were exposed by removal of the tail, eyes, jaws and ventral cranial structures under cold anesthesia. The preparation was then superfused with teleost artificial cerebrospinal fluid (ACSF) 50 at room temperature. Odor stimuli (∼2.4 s duration) were applied to one naris using an electronically controlled injection valve (Valco). Food odors were prepared by incubation of 25 mg of commercially available fish foods in 50 ml ACSF for at least one hour. The resulting extract was filtered and diluted 1:10-1:1,000.
Electrophysiology. Axoclamp 2B amplifiers (Axon Instruments) in currentclamp mode were used for all recordings. Intracellular whole-cell patch-clamp recordings (n = 18) were done with borosilicate pipettes (12-18 megohms) filled with 130 mM potassium gluconate, 10 mM sodium gluconate, 10 mM sodium phosphocreatine, 4 mM NaCl, 4 mM magnesium ATP, 0.3 mM sodium GTP and 10 mM HEPES (pH 7.25).
LFP recordings were done with patch pipettes (3-12 megohms) filled with ACSF in the superficial layers of the OB, peripheral to the reversal point of the LFP oscillation (except for the data in Fig. 1a) , and filtered 5-50 Hz. Multisite LFPs were recorded simultaneously with up to four pipettes. To sample more sites, one electrode was kept in place as a reference, the positions of the others were changed, and odors were applied again. Each odor was repeated at least four times.
For loose-patch recordings, we verified in control experiments that the transmembrane currents from a neuron recorded simultaneously with the LFP did not influence the LFP signal in the 5-50 Hz band. In these controls, the odor-evoked LFP was first measured together with spikes of an MC in the loose-patch configuration. The loose-patch recording was then terminated by application of light pressure until no more MC spikes were recorded. The LFP evoked by the same odor was then measured again. The phase of the oscillatory LFP signal relative to the LFP recorded on a reference electrode was then evaluated and found to be unchanged before and after termination of the loose-patch configuration.
Stimuli used in paired recordings were food extracts, amino acids, or mixtures of both. On average, each stimulus was repeated 14.1 ± 5.3 times. The data set for analysis of activity patterns consisted of loose-patch recordings from 58 MCs that were each stimulated with the full set of 16 amino acids (10 µM; see Fig. 6b,e) . A subset of these recordings had been obtained, under identical conditions, in previous studies 16, 32 . Each odor was repeated, on average, 3.2 ± 1.1 times.
For details of data analysis, see Supplementary Methods online.
Optical recording. The voltage-sensitive dyes Di-4-ANEPPS 29 or ANNINE-5 (ref. 30) were dissolved in ACSF (20-30 µM; 1 % DMSO), bath applied or, in most cases, injected into the deep layers of the OB at multiple sites, and incubated for at least 1 h before the experiment. Injection of dyes into the deep layers of the OB ensured efficient labeling of GCs. Labeling was usually uniform throughout the ventro-lateral OB, as verified by two-photon microscopy. Di-4-ANEPPS and ANNINE-5 were viewed with filter combinations 530-560/565/608-683 and 500-520/530/540LP, respectively. Series of images (80 × 80 pixels, 14 bits) were acquired at a rate of 1 kHz, spatially filtered with a Gaussian kernel (σ = 1 pixel), and temporally filtered between 10-50 Hz or Hz to extract the frequency band of oscillatory activity.
Classification of spikes.
A spike was classified as phase-locked when each of three criteria were fulfilled: (i) the LFP power in the 5-50 Hz band in the 100 ms around the occurrence of the spike had to exceed the average power before the odor stimulus by a threshold factor, thr LFP . Spikes occurring during periods of lower LFP power were counted as residual. Values in the range 0 ≤ thr LFP ≤ 6 were tested.
(ii) The spike phase histogram of a MC in response to a given odor had to be smaller than a threshold value, thr SD , indicating that the histogram has a distinct peak. If the histogram is flat, standard deviation = 109°. If the standard deviation was greater than thr SD , the response was considered not phase-locked and all spikes of the given MC in response to the given odor were counted as residual. Values in the range 80°≤ thr SD ≤ 110°were tested.
(iii) The spike had to fall within a phase window around the preferred phase of the MC in response to the given odor; otherwise, it was counted as residual.
Values between ±15°and ±180°were tested.
